Our results indicate that the activation of SOC in keratinocytes depends, at least partly, on the interaction of TRPC with PLCγ1 and IP 3 R.
INTRODUCTION
In most non-excitable cells, release of calcium from intracellular stores triggers entry of extracellular calcium through channels in the plasma membrane, a process known as capacitative calcium entry (CCE) ). CCE provides an important means for mediating long-term Ca 2+ (Berridge, 1993) . The resulting reduction of Ca 2+ content in the ER lumen activates Ca 2+ entry through ion channels in the plasma membrane (Putney, 1986) . The term "agonist-induced Ca 2+ entry" was used to refer to the Ca 2+ entry mechanism induced by receptor activation (Patterson et al, 2002) . In addition, agents such as the Ca 2+ pump inhibitor thapsigargin and the calcium ionophore ionomycin, which deplete calcium stores independently of receptor activation or IP 3 generation, also activate Ca 2+ entry (Putney, 1999) . Therefore, the CCE channels can be loosely classified as receptor-operated channels (ROC) and store-operated channels (SOC), referring to Ca 2+ entry channels activated in response to activation of PLC-coupled receptors and to Ca 2+ store depletion, respectively (Berridge, 1997) . However, it is difficult to clearly define Ca 2+ entry channels as either ROCs or SOCs, since both mechanisms converge on Ca 2+ release from internal stores. The canonical subfamily of transient receptor potential (TRPC) channels 4 has long been considered the candidates for ROCs and/or SOCs (Clapham et al, 2001; Montell, 2001 ). TRPC channels can be activated by a number of mediators involved in the PLC signaling cascade, including Ca 2+ (Zitt et al, 1997) , DAG Venkatachalam et al, 2003) and activated IP 3 R (Boulay et al, 1999; Kiselyov et al, 1998) . Mammalian TRPC channels include 7 members: TRPC1, TRPC2, the DAG-responsive subgroup of TRPC3/6/7 (Trebak et al, 2003) and DAG-insensitive subgroup of TRPC4/5 Venkatachalam et al, 2003 ). Many studies demonstrate that mammalian TRPC channels can be activated in response to store-depletion with calcium pump blockers or ionophores (Clapham et al, 2001 ), even though studies on overexpressed mammalian TRPC channels suggest that receptor-mediated stimulation of PLC is the major activation mechanism for TRPCs (Hofmann et al, 2000) . Though the underlying mechanisms of agonist-induced and store-operated Ca 2+ entry are unclear, the favored conformational coupling model (Irvine, 1990; Putney, 1999) proposes that a reduction in ER luminal calcium induces a conformational change of IP 3 R, which directly activates SOC in the plasma membrane through direct interaction. Studies of overexpressed TRPC demonstrated that IP 3 R interacts with TRPC1 (Lockwich et al, 2000; Rosado and Sage, 2000a ), TRPC3 (Kiselyov et al, 1998; Kiselyov et al, 1999) , TRPC4 (Tang et al, 2001 ) and TRPC6 (Boulay et al, 1999 Our findings indicate that the coupling of native SOC to signaling molecules in the PLC/IP 3 pathway provides a gating mechanism for activation of calcium entry by store depletion.
EXPERIMENTAL PROCEDURES
Materials-Ionomycin, thapsigargin, and 2-APB (2-aminoethoxydiphenylborane) were purchased from Calbiochem-Novabiochem Corp. (La Jolla, CA). Membrane permeable DAG analogues, 1-oleoyl-2-acetyl-sn-glycerol (OAG) and 1, 2-dioctanoyl-sn-glycerol (DOG) and the phospholipase C inhibitor U-73122 and its inactive analog U-73343 were purchased from Sigma Chemicals (St. Louis, MO). Stock solutions of these compounds were prepared in DMSO or ethanol. All DNA constructs used in the transfection were prepared using Qiagen Maxi-prep columns (Chatsworth, CA) according to the manufacturer's protocol.
Cell Culture-Normal human keratinocytes (NHK) were isolated from newborn foreskin and cultured as described (Gibson et al, 1996) . Cells were maintained in serum free keratinocyte growth medium (KGM; Clonetics Inc., San Diego, CA) supplemented with 0.03 mM CaCl 2 . TRPC1 forward primer 5'-GATTTTGGAAAATTTCTTGGGATGT-3', reverse primer 5'- Rockford, IL) and equivalent amounts (75 µg) per sample were analyzed as follows. Membrane protein samples were electrophoresed through 5% polyacrylamide gels and electroblotted onto polyvinylidene fluoride membranes (Immobilon-P, 0.45 µm; Millipore Corp., Bedford, MA).
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After blocking with 5% milk in TBS (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA), the blots were incubated with 1 µg/ml of primary polyclonal antibodies at 4°C overnight.
Subsequently, the blots were incubated with 0.1 µg/ml HRP conjugated anti-rabbit IgG antibody (Fig 1b) .
RESULTS
SOC in Keratinocytes requires
To investigate the role of PLC in the activation of SOC in keratinocytes, we blocked the activation of PLC with a membrane-permeable PLC inhibitor, U73122, and examined its impact on SOC activity. We previously found that 15-min pretreatment of keratinocytes with 10 µM U73122 fully prevented the PLC-mediated cellular response to extracellular calcium (Xie and Bikle, 1999) . A 15 min preincubation of cells with 10 µM U73122 had no effect on the ability of thapsigargin to release intracellular calcium stores but fully prevented the rise in [Ca 2+ ] i upon the addition of extracellular Ca 2+ ([Ca 2+ ] i remained at 103 + 10 nM; n=37) (Fig 2a) . On the contrary, pretreatment of cells with 10 µM U73343, an inactive analog of U73122, had no effect on (Fig 3a) . In contrast, the protein level of PLCβ1 was not affected by the antisense PLCγ1 cDNA (Fig 3a) , confirming the specificity of the PLCγ1 antisense construct. is involved in the activation of SOC.
PLC activation generates IP 3 and DAG. The latter has been reported to directly activate calcium entry mediated by certain TRPC channels . Therefore, the requirement for PLC in SOC function may signal a need for DAG in addition to an activated IP 3 R. To assess the involvement of DAG, we tested the effect of the membrane permeable DAG analog, 1-oleoyl-2-acetyl-sn-glycerol (OAG), on SOC activity in keratinocytes. After TG induced store depletion, subsequent addition of 1 mM extracellular Ca 2+ induced a moderate SOC activity that was not affected by the addition of 0.1% DMSO, the vehicle for OAG (Fig   4a) . 7 min after application of 10 µM U73122, [Ca 2+ ] i remained at 210 + 20 nM (n=50).
However, the store depletion-induced Ca 2+ entry was gradually blocked by the application of 100 µM OAG ( [Ca 2+ ] i decreased from 185 + 8 nM to 101 + 6 nM; n=50) (Fig 4b) . Similar results were obtained with 100 µM 1,2-dioctanoyl-sn-glycerol (DOG), another DAG analogue (data not shown). These results indicate that DAG does not promote but rather inhibits the coupling of SOC activity to PLC function. (Fig   5a) . Our results showed that TRPC1, TRPC3, TRPC4, TRPC5 and TRPC6 were expressed in preconfluent keratinocytes (Fig 5a) , whereas no TRPC2 or TRPC7 messages were detected (data not shown). The sequence of each amplified TRPC cDNA was verified by double-stranded DNA sequencing. The primers for TRPC3 also amplified a 450 bp fragment, the identity of which has not been established. To examine the expression of TRPC proteins, membrane proteins were prepared from keratinocytes. Immunoblotting analyses using antibodies recognizing various TRPC proteins detected endogenous TRPC1, TRPC3, TRPC4, TRPC5 and TRPC6 proteins (Fig   5b) . Their estimated molecular weights were 91 kDa for TRPC1, 135 kDa for TRPC3, 96 kDa for TRPC4, 150 kDa for TRPC5, 125 and 195 kDa for the major and minor band of TRPC6, respectively. No immunoreactive bands were detected when the blots were incubated with the same antibodies preabsorbed with the specific peptides against which they were raised (Fig 5b) .
Expression of TRPC channels in keratinocytes-
Role of TRPC1 and TRPC4 in SOC activity-In addition to store-depletion and receptor activation, DAG has been shown to directly activate members of the TRPC3/6/7 subgroup, but has no effect on other TRPCs, and sometimes prevents the activation of members of TRPC4/5
subgroup Venkatachalam et al, 2003) . Our results showed that the endogenous SOC activity in keratinocytes could not be enhanced by the application of the DAG analogue (Fig 4) , suggesting that the members of the TRP3/6/7 subgroup are not involved in mediating SOC activity. Furthermore, we have found that a decrease in SOC activity with 16 time in culture coincided with a sharp decline in the protein levels of TRPC1 and TRPC4 but not in that of TRPC3, 5, and 6 (data not shown). Therefore we turned our attention to TRPC1 and TRPC4 channels as the likely mediators of store-operated Ca 2+ entry. We performed fluorescence immunostaining to detect and localize endogenous TRPC1 and TRPC4 proteins in preconfluent keratinocytes cultured in 0.03 mM calcium. Examination by confocal microscopy detected extensive fluorescence signal of TRPC1 and TRPC4 at the plasma membrane and the submembrane area. However, a substantial amount of TRPC protein also localized within an intracellular compartment(s) near the perinuclear region (Fig 6) . Minimal fluorescence signal was detected when the antibodies were preabsorbed with the antigenic peptides, confirming the specificity of the immunoreaction (Fig 6) .
To determine whether TRPC1 and TRPC4 mediate SOC activity in keratinocytes, we knocked down the expression of endogenous TRPC1 and TRPC4 by transfection with antisense cDNA constructs, and examined the impact on SOC activity. Preconfluent keratinocytes were transfected with antisense cDNAs and then selected with hygromycin in KGM containing 0.03 mM calcium for 24h to enrich transfected cells. Protein extracts were prepared and subjected to immunoblotting analyses to examine the level of the endogenous TRPC channels. The level of TRPC1 and TRPC4 proteins was greatly reduced in the keratinocytes transfected with antisense cDNA for TRPC1 (anti-TRPC1) and TRPC4 (anti-TRPC4), respectively, as compared with that in the cells transfected with the control vector (Fig 7a) . In contrast, transfection of antisense TRPC1 or antisense TRPC4 cDNA had minimal effect on the expression of other TRPC proteins (Fig 7a) . The Ca 2+ entry in response to TG induced store emptying was reduced as a result of the hygromycin selection of transfected cells (Fig 7b, as compared to the Ca 2+ entry in untransfected cells shown in Fig 1a) . Nevertheless, knockdown of either TRPC1 or TRPC4 further inhibited SOC activity. As shown in Fig 7b, (Fig 7b) . On the other hand, transfection of antisense TRPC3 cDNA decreased the endogenous level of TRPC3 (Fig 7c) but had no effect on the store-depletion induced Ca 2+ entry (Fig 7d) . Both anti-PLCγ1 and anti-IP 3 R antibodies co-immunoprecipitated TRPC1, but not TRPC4 (Fig   8a) . In addition, an agarose-conjugated peptide containing the Src homology domains (SH2SH2SH3) of PLCγ1 was sufficient to bind TRPC1 (Fig 8a) , as well as TRPC3 (data not shown), indicating that PLCγ1 interacts with TRPC through its SH2SH2SH3 domain. No band was detected when the blots were incubated with the same antibodies preabsorbed with their respective antigenic peptides, confirming the specificity of the immunoreactions (Fig 8a) .
We then performed fluorescence immunolocalization of endogenous TRPC1, PLCγ1 and IP 3 R proteins to assess the associations among these calcium regulatory molecules. Examination by confocal microscopy confirmed the association of TRPC1 with PLCγ1 and IP 3 R. As shown in . This reduction in association among these molecules was not due to a decrease in the levels of TRPC1 (Fig 9a) , PLCγ1 or IP 3 R (Fig 9b) . In fact, the level of PLCγ1 was increased by extracellular calcium (Fig 9b) , consistent with previous studies (Xie and Bikle, 1999 (Fig 9c) . These results support the conclusion that Ca 2+ inhibits SOC channel function by down regulation of the interactions between TRPC1, PLCγ1 and IP 3 R, although the mechanism for this remains under investigation.
DISCUSSION
As found for most non-excitable cells, emptying of intracellular calcium stores in human keratinocytes activates calcium influx across the plasma membrane through the operationally defined SOC (Csernoch et al, 2000 ; Karvonen et al, 2000) . In this study we investigated the molecular basis for the native SOC activity in these cells. We placed our attention on TRPC1
and TRPC4 because their expression patterns correspond to a strong SOC activity in the proliferating keratinocytes (data not shown), though TRPC3, 5 and 6 channels are also expressed in these cells. TRPC1 plays a role in the store-operated Ca 2+ entry pathway and is ubiquitously expressed in many cell types. Numerous studies have demonstrated that store-operated Ca ) and the lack of store-operated Ca 2+ entry in endothelial cells from TRPC4 knockout mice (Freichel et al, 2001 ) indicate that TRPC4 is also one of the SOC components. Similarly, inhibiting the expression of either TRPC1 or TRPC4 attenuated the store-operated Ca 2+ entry in keratinocytes (Fig 7a , 7b) , whereas knockdown of the expression of TRPC3 had no effect on SOC function (Fig 7c, 7d) (Fig 8) . These data support the notion that the direct relay of a signal from depleted intracellular calcium stores to calcium channels in the plasma membrane is mediated through protein-protein interactions.
The finding that SOC activation requires both IP 3 blocked thapsigargin-induced Ca 2+ entry (Fig 2a) . A direct inhibitory effect on SOC channels is unlikely, since U73122 failed to block Ca 2+ entry after the activation of SOC by store depletion (Fig 2b) . Theses results indicate that basal PLC activity is necessary for the activation but not for the maintenance of SOC. While our findings implicate a role for PLC in SOC activation, it appears that this is not due to a requirement for DAG, since application of the DAG analogues, OAG and DOG, inhibited SOC in keratinocytes (Fig 3) . Although other studies on TRPC channels indicate that the inhibitory action of DAG on TRPC4-and TRPC5-mediated calcium entry is PKC-dependent (Venkatachalam et al, 2003) , it is unclear whether the inhibitory effect of DAG on SOC activity in keratinocytes is mediated by endogenous PKCs.
Recently . In this study, co-immunoprecipitation results showed that in keratinocytes the endogenous TRPC1 physically interacts with PLCγ1 as well as IP 3 R (Fig 8) .
Consistent with the finding that the SH3 domain of PLCγ1 mediates the interaction with SOC, a peptide containing the SH2SH2SH3 domain of PLCγ1 was able to interact with endogenous TRPC1 (Fig 8) . (Fig 4) , indicating a requirement for PLCγ1 in coupling store emptying to activation of SOC. The explanation for these cell specific differences is unclear. Although Although both TRPC1 and TRPC4 contributed to SOC activity, only TRPC1 directly interacted with PLCγ1 and IP 3 R (Fig 8) . Many studies support the idea that TRPC1 functions within a signaling complex (overview see Beech et al, 2003) . TRPC1 associates with PLCrelated signaling proteins such as G αq/11 , IP 3 R, PLC, plasma membrane Ca 2+ -ATPase, caveolin-1 (Lockwich et al, 2000) and calmodulin (Singh et al, 2002) . Since TRPC1 has the ability to hetermultimerise with TRPC4, it may also function as a regulator for TRPC4. It is possible that TRPC4 activity is gated by PLCγ1 and IP 3 R via TRPC1. This hypothesis would explain the complete abolition of store-operated Ca 2+ entry by antisense PLCγ1 (Fig 4) , and the observation that antisense TRPC1 inhibited store-operated Ca 2+ entry more effectively than antisense TRPC4 (Fig 7b) . In this study we also demonstrated that TRPC3, which is strongly expressed in keratinocytes, is not involved in mediating store-depletion activated calcium entry (Fig 7d) (Fig 9) . Although the mechanism(s) by which and IP 3 R were not decreased in these cells. Thapsigargin (TG)-induced SOC was measured in
